Purpose: We used a clinical next-generation sequencing (NGS) hotspot mutation panel to investigate clonal evolution in paired primary and metastatic tumors.
Introduction
Cancer is a disease caused by the accumulation of genetic alterations that facilitate dysregulated cell growth and the evasion of cell death (1, 2) . It is also believed that genomic alterations allow for the development of clones that acquire the potential to metastasize. Studies using genomic techniques such as array comparative genomic hybridization, loss of heterozygosity studies, and traditional Sanger sequencing have shown that mutations accumulate over the lifetime of a tumor, that tumors can exhibit intratumoral heterogeneity, and that heterogeneity may allow for the selection of tumor subclones that facilitate growth and metastasis (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) .
Although much information has been gathered through the use of traditional genomic techniques, next-generation sequencing (NGS) approaches have the potential to facilitate identification of or tracking of clonal evolution within tumors. Advantages of NGS methods that can be leveraged to determine intratumoral heterogeneity and concordances between a primary tumor and its metastasis include: The ability to successfully sequence genetic material from nanogram quantities of DNA (including poorer quality DNA), and the ability of NGS to sequence DNA at a much higher sensitivity than Sanger sequencing, allowing for the examination of rare and uncommon subclones within a tumor. To date, studies on clonal evolution using NGS techniques have looked at relatively small numbers of patients with a high depth of sequencing (14, 15) .
In this study, we collected 265 tumor primary and metastasis pairs and analyzed these cases for hotspot mutations in 46 wellknown cancer-related genes using a targeted NGS assay in routine clinical usage. This study had two goals: (i) to determine the concordance rate of mutations between primary tumors and their paired metastases; and (ii) to characterize the types of mutations found in concordant versus clonally divergent/evolved primary and metastatic tumor pairs.
Materials and Methods
All samples included in this study were obtained in accordance with the Declaration of Helsinki from patients with appropriate informed consent and with approval from the institutional review board. A total of 265 primary tumor and metastasis pairs were analyzed using the AmpliSeq Cancer Panel, version 1 run on the Ion Torrent Personal Genome Machine for NGS (Life Technologies). All of the tumors in this study were solid tumors, mainly carcinomas, but also melanomas and sarcomas. Our laboratory has had extensive experience with this form of high-throughput sequencing (16) , and has been using this technique to obtain NGS data for clinical samples for over a year.
Briefly, 4-mm sections were obtained from each tumor block. One hematoxylin and eosin-stained slide was examined by a pathologist to the estimate tumor percentage and to outline the areas of the slide for microdissection. Only tumors with >20% tumor in the identified area were qualified for sequencing. DNA was extracted and purified after microdissection using the AMPure Kit (Agencourt Biosciences). DNA was then fragmented, ligated to adapters, barcoded, and clonally amplified onto beads to create a sequencing library (17) , using the Ion Torrent AmpliSeq kit 2.0, the Ion Xpress Barcode Adapters Kits, and the AmpliSeq Cancer Panel primer pool (Life Technologies), following the manufacturer's instructions. Libraries were pooled and amplified onto IonSpheres using emulsion PCR through the Ion Torrent OneTouch Template Kit, and enriched on the Ion Torrent OneTouch System following the manufacturer's protocol. The enriched IonSpheres were collected onto a 318 IonChip to sequence the pooled libraries from 8 samples and the cell line control. Sequencing success was characterized by the presence of at least 300,000 reads per sample and less than one misaligned base per 100 bases (16) .
Signal processing, base calling, alignment, and variant calling was carried out using TorrentSuite version 2.0 (Life Technologies). Manual review of alignments was performed using the Integrative Genomics Viewer (Broad Institute, Boston, MA; ref. 16) . A minimum coverage depth of 250 reads and a minimal variant frequency of 5% were designated as mutations. Minimal variant frequencies of !2% were considered to be mutations if the same mutation was seen at !5% in the corresponding paired tumor. In addition, custom-built software previously described was used to review the variant call data files to inspect the alignments and mutations detected, to filter errors generated in sequencing homopolymer repeat regions, and to annotate the results (16) . Paired primary and metastatic tumors were analyzed using the Comparison Viewer mode of this software to examine concordant and discordant mutations for each tumor-metastasis pair. Mutations for each pair were tabulated together with tumor percentage, mutational allelic frequency, time interval between onset of primary tumor and metastasis, and the presence or absence of neoadjuvant therapy. Calls were considered fully concordant if all mutations found in the paired primary and metastatic tumors were identical. The remaining cases were classified as clonally divergent/evolved. SNP analysis was used to confirm that samples from primary and metastatic lesions originated from the same germline material (Supplementary Table S1 ).
Statistical analysis was performed on the breast and colon carcinomas (the most common tumor types) within this subset to determine whether mutations were more common in certain genes between primaries and their paired metastases. The Fisher exact test was used to test the null hypothesis of no difference in the mutation frequencies of genes in primary versus metastatic tumor. The Holm method was used to correct for multiple gene comparisons.
Results
Two hundred and sixty-five primary-metastasis tumor pairs were analyzed, including 86 (32.5%) colorectal carcinomas, 79 (29.8%) breast carcinomas, 20 (7.5%) melanomas, and 80 (30.2%) various other tumor sites (Fig. 1A) . Accordingly, most tumors were carcinomas (83%), followed by melanomas (9%) and sarcomas (5.3%; Fig. 1B ). Of the 265 tumor primary-metastasis pairs studied, 227 (85.7%) pairs showed identical mutation calls, including 160 (60.4%) with defining mutation signatures, and 67 (25.3%) without any somatic mutations identified ( Fig.  1C ; subset of identical mutation call cases are detailed in Supplementary Table S2 ). The remaining 38 (14.3%) tumor primarymetastasis pairs had discordant mutation calls, and were considered to be clonally divergent/evolved tumors ( Fig. 1C ; Table 1 ). The time interval between primary tumor sampling and paired metastatic tumor sampling was highly variable, but not significantly different between the concordant and divergent groups (concordant group 25 AE 30 months, divergent 22 AE 32 months). The percentage of neoplastic cells was indistinguishable between primary (61.3% AE 20%) and metastatic tumor samples (62.3% AE 20.5%), and showed a similar range in the samples that showed no mutations (60.7% AE 22.3%). The most common tumors with no mutations were carcinomas (76.5%), sarcomas (11.8%), and melanomas (4.4%), which represents a relative enrichment in sarcomas compared with the overall distribution of histologies. No identifiable trend between tumor histology and concordance rate was noted.
A subset of primary and paired metastatic tumor cases that were concordant showed no identifiable somatic mutations, which could potentially represent true negatives (no mutations present in the assessed genes/codons) or false-negative findings due to preanalytic factors such as a low tumor percentage. If low tumor
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percentage in samples resulted in false-negative mutation findings, a lower mutation detection rate would be expected at lower tumor percentages. However, no significant relationship between mutation detection rate and tumor percentage was identified (Fig. 2) .
Clonal evolution
An example of clonal evolution is shown in Fig. 3 , and all novel mutations associated with primary-metastasis discordance are detailed in Table 1 . As might be predicted, metastases more commonly showed novel mutations than primary tumors within the paired samples. Within the 38 primary-metastasis pairs demonstrating novel calls between the primary and the metastatic tumor, in 20 (7.5%) primary-metastasis pairs the metastasis had novel mutations not found in the primary tumor. In contrast, in 12 (4.5%) primary-metastasis pairs the primary tumors had novel mutations not identified in the metastatic tumor. The time interval between obtaining biopsy specimens from the primary and metastatic tumor was widely divergent, ranging from 0 to 79.1 months. Five primary-metastasis pairs showed novel mutations in both the primary tumor and the metastatic lesion, most commonly distinct TP53 mutations (3 of 5 pairs). The time interval between obtaining biopsy specimens from the primary and metastatic tumors in these 3 patients ranged from 12.3 to 79.1 months. These findings are at least partly in keeping with the paradigm that mutations accumulate within a tumor over time and that metastatic clones diverge from the primary tumor. Because this study focused on primary-metastasis pairs and not on multiple sites within a contiguous primary tumor, we cannot differentiate clonal evolution as a function of metastasis from intratumoral clonal evolution or intratumoral heterogeneity. Nonetheless, the presence of mutations found in the primary tumor, but not seen in the metastatic tumor suggest that there may be clonal divergence within the tumor, with the metastasis branching off from the primary tumor, at an earlier point in time before the accumulation of new mutations within the primary tumor.
Mutations associated with clonal divergence were found more commonly in certain genes within the hotspot mutation panel. Novel mutations between the primary and metastatic tumor were found in 16 of 46 genes on the panel, including AKT1, APC, CSF1R, CTNNB1, ERBB2, ERBB4, FBXW7, GNAS, KIT, KRAS, NRAS, PIK3CA, PTEN, PTPN11, SMAD4, and TP53. TP53 was the most commonly additionally mutated gene (15 mutations), followed by PIK3CA (8 mutations), and SMAD4 (5 mutations). In this tumor set, PIK3CA mutations showed a trend toward association with metastasis in colon carcinoma samples: Almost half of colorectal carcinoma pairs with clonal divergence showed a PIK3CA mutation in the metastasis, but not in the primary neoplasm. In contrast, PIK3CA mutations in breast carcinomas were almost equally identified in primary and metastatic tumors (Fig. 4) . Although our overall numbers in this subgroup are small and did not reach statistical significance (P ¼ 0.011 before Holm correction, P ¼ 0.1 after correction), the trend toward predominance of PIK3CA mutations in metastatic colorectal carcinoma suggests that these mutations may lend a selection or growth advantage to subclones within the tumor leading to metastasis. This finding may have clinical implications that should PIK3CA inhibitors have an impact on progression-free or overall survival (OS) in colorectal carcinoma patients. The use of aspirin within our colorectal carcinoma group could not be obtained and may be an avenue of further study as aspirin has shown to have survival benefits in patients with PIK3CA-mutated colorectal carcinoma (18) .
Discussion
The traditional concept of tumor metastasis is that tumor cells undergo clonal evolution by acquiring a number of genetic and epigenetic events that facilitate a sequence of steps that further lymphovascular invasion and colonization at metastatic sites (19) (20) (21) . This view suggests that metastases may possess mutations differing from the primary tumor because these mutations confer selective growth or invasion advantage to the metastatic tumor cells that are not necessary for primary tumor survival (14, 21) . Recent genomic studies are demonstrating that this view of metastasis may need to be amended as it appears that the pattern of mutations between primary and metastatic tumors, and within multiple areas of a single primary lesion, is that of branched evolution-where both divergence and independent convergence may happen synchronously in multiple subclonal populations (15) . With the advent of more efficient and sensitive sequencing methods, such as NGS, subclonal analysis of primary and metastatic tumors suggest that that several clones of similar genetic fitness can develop simultaneously (15, 22) . Our findings are in keeping with earlier studies indicating that most mutations between paired primary and metastatic tumor are predominantly concordant (14) . In this study, almost 86% of primary-metastasis pairs were concordant between the primary and metastatic components, including almost two thirds of cases with at least one mutation. Our results also show that mutations accumulate over time and are more common in the metastatic tumor, with 21 novel mutations seen in metastases compared with paired primary tumors. However, a subset of paired primary-metastatic tumors in this study had novel mutations only in the primary tumor (n ¼ 12) or novel mutations in both the paired primary and metastatic tumors (n ¼ 6), suggesting that branched clonal evolution occurs within a variety of tumors. In this cohort of cases, novel mutations identified in the primary rather than the paired metastatic tumor were observed in breast, colon, and thyroid carcinomas, melanoma, and sarcoma. Novel mutations present only in the primary tumor suggest that the metastases branched off before the acquisition of novel mutations within the primary tumor. It is important to note that a formal alternative explanation for these findings includes the presence or development of intratumoral heterogeneity. Such heterogeneity as a cause of the branched evolution seen in this study between primary and metastatic lesions cannot be entirely excluded without a more extensive analysis involving sequencing of multiple physical locations within primary and metastatic lesions, or single-cell sequencing studies. Such studies are particularly challenging to contemplate in human metastatic tumor material, as it is rare that anything other than narrow gauge core biopsy material would be available for clinical testing. Clonal evolution in solid tumors. Here, the primary and metastasis both share the same BRAF mutation, but vary in their mutational status at the KRAS locus. The presence of the KRAS mutation in the primary but not in the paired metastasis, suggests that the primary and metastasis both evolved from a common progenitor that possessed the BRAF mutation shared by both tumors, but that the metastasis and primary branched off from one another before the primary acquiring a KRAS mutation. This case provides evidence for branched evolution in carcinogenesis.
Our study also highlights certain mutations that are often associated with clonal divergence. In agreement with other studies (23) , TP53 mutations were common in this sample cohort, and frequently seen as a divergence between primary and metastatic lesions. Loss of a TP53 mutation in a metastasis--or a mutation in any tumor suppressor gene-may reflect loss of heterozygosity or copy-number loss as an alternative inactivating mechanism. TP53 is a known tumor-suppressor gene with roles in maintenance of genomic stability and regulation of apoptosis. Mutations in TP53 can disrupt metabolic functions leading to metastasis by enhancing anchorage-independent growth (24) . In addition, recruitment of mutant p53 to sites of DNA damage can lead to expression of genes that participate in regulation of proliferation and chemoresistance (24) . Mutant p53 has also been shown to deregulate expression of SHARP1, CCNG2, DICER, and DEPDC1, which all play roles in invasion and metastasis (24) . Given the involvement of mutant TP53 in proliferation, resistance mechanisms, and metastasis, it is understandable that TP53 mutations are most often associated with clonal divergence.
Other common mutations involved in clonal divergence in this study included PIK3CA and SMAD4 (25) . PIK3CA encodes for a cell signaling lipid kinase within a group of lipid kinases involved in cell proliferation, cellular adhesion, survival, and motility (26) .
Activating PIK3CA mutations have been discovered in a variety of tumors and have been found to promote growth factor-independent growth, cell invasion, and metastasis through activation of AKT signaling (26) . These cases could potentially be targeted by PIK3CA inhibitors, thus justifying the use of NGS for identification of relevant mutations. Recent studies have shown that aspirin may have survival benefits in PIK3CA-mutated colorectal carcinoma (18, 27) . Because these survival benefits are not seen with specific COX-2 inhibitors, these data may highlight the importance of a COX-independent effect of aspirin in the prevention of cancer spread (27, 28) . It is unclear what effect aspirin will have on patients that develop PIK3CA mutations within their metastases. In addition, we were not able to obtain the presence and/or duration of aspirin use in our patient population. A further large-scale study on this subset of patients may be warranted.
Loss of SMAD4 activity has been associated with lymph node metastases, advanced-stage disease and shortened OS in patients with colorectal cancer (29, 30) . Murine in vivo studies have shown that SMAD4 loss increases the metastatic potential of colorectal cancer through TGFb signaling (29, 31) .
In summary, this study is the largest comparison of paired primary and metastatic tumors assessed by NGS mutational hotspot analysis. We show that there is a high rate of concordance for mutation profiling between paired primary and metastatic tumors. Although our study did not involve whole-genome or whole-exome sequencing, the hotspot mutation panel we used was able to demonstrate clonal evolution between paired primary and metastatic tumors, including the presence of branched clonal evolution in a small subset (6%) of paired primary-metastatic tumors. As hotspot-based mutation panels are rapidly converging on clinical standard-of-care testing for neoplasms such as lung and colorectal carcinoma and melanoma, we believe that the finding of heterogeneity in a subset of primary-metastasis pairs using these methods represents an important take-home message for clinical testing and consideration of targeted therapies. The trend toward secondary, divergent PIK3CA mutations in colorectal carcinoma metastases may warrant additional study with a larger cohort focused on colorectal adenocarcinomas. Overall, TP53, PIK3CA, and SMAD4 mutations were most often involved in clonal divergence, providing potential targets for directed therapies in progressive disease.
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